Cortical analysis of speech has long been considered the domain of left-hemisphere auditory areas. A recent hypothesis poses that cortical processing of acoustic signals, including speech, is mediated bilaterally based on the component rates inherent to the speech signal. In support of this hypothesis, previous studies have shown that slow temporal features (3-5 Hz) in nonspeech acoustic signals lateralize to right-hemisphere auditory areas, whereas rapid temporal features (20 -50 Hz) lateralize to the left hemisphere. These results were obtained using nonspeech stimuli, and it is not known whether right-hemisphere auditory cortex is dominant for coding the slow temporal features in speech known as the speech envelope. Here we show strong right-hemisphere dominance for coding the speech envelope, which represents syllable patterns and is critical for normal speech perception. Right-hemisphere auditory cortex was 100% more accurate in following contours of the speech envelope and had a 33% larger response magnitude while following the envelope compared with the left hemisphere. Asymmetries were evident regardless of the ear of stimulation despite dominance of contralateral connections in ascending auditory pathways. Results provide evidence that the right hemisphere plays a specific and important role in speech processing and support the hypothesis that acoustic processing of speech involves the decomposition of the signal into constituent temporal features by rate-specialized neurons in right-and left-hemisphere auditory cortex.
Introduction
Speech processing, defined as the neural operations responsible for transforming acoustic speech input into linguistic representations, is a well established aspect of human cortical function. Classically, speech processing has been thought to be mediated primarily by left-hemisphere auditory areas of the cerebral cortex (Wernicke, 1874) . This view continues to receive wide acceptance based on results from studies investigating the functional neuroanatomy of speech perception. Acoustical processing of speech involves cortical analysis of the physical features of the speech signal, and normal speech perception relies on resolving acoustic events occurring on the order of tens of milliseconds (Phillips and Farmer, 1990; Tallal et al., 1993) . Because temporal processing of these rapid acoustic features has been shown to be the domain of left-hemisphere auditory cortex (Belin et al., 1998; Liégeois-Chauvel et al., 1999; Zatorre and Belin, 2001; Zaehle et al., 2004; Meyer et al., 2005) , acoustic processing of speech is thought to be predominantly mediated by left-hemisphere auditory structures (Zatorre et al., 2002) . Phonological processing of speech, which involves mapping speech sound input to stored phonological representations, has been shown to involve a network in the superior temporal sulcus (STS) lateralized to the left hemisphere (Scott et al., 2000; Liebenthal et al., 2005; Obleser et al., 2007) . Semantic processing of speech, which involves retrieving the appropriate meanings of words, is thought to occur in a network localized to left inferior temporal (Rodd et al., 2005) and frontal (Wagner et al., 2001 ) gyri.
A recent hypothesis, called the "asymmetric sampling in time" (AST) hypothesis, has challenged the classical model by proposing that acoustical processing of speech occurs bilaterally in auditory cortex based on the component rates inherent to the speech signal (Poeppel, 2003) . Acoustic-rate asymmetry is thought to precede language-based asymmetries (i.e., phonological and semantic asymmetries) and is supported by results that show that slow, nonspeech acoustic stimuli (3-5 Hz) are lateralized to right-hemisphere auditory areas (Boemio et al., 2005) , whereas rapid acoustic stimuli (20 -50 Hz) are lateralized to lefthemisphere auditory areas (Zatorre and Belin, 2001; Zaehle et al., 2004; Schonwiesner et al., 2005) .
It is not known to what extent this putative mechanism applies to the slow temporal features in speech, known as the speech envelope (Rosen, 1992) . The speech envelope provides syllable pattern information and is considered both sufficient (Shannon et al., 1995) and essential (Drullman et al., 1994) for normal speech perception. A prediction of the AST hypothesis is that slow acoustic features in speech are processed in righthemisphere auditory areas regardless of left-dominant asymmetries for language processing. To examine this question, we mea-sured cortical-evoked potentials in 12 normally developing children in response to speech sentence stimuli and compared activation patterns measured over left and right temporal cortices.
Materials and Methods
The research protocol was approved by the Institutional Review Board of Northwestern University. Parental consent and the child's assent were obtained for all evaluation procedures, and children were paid for their participation in the study.
Participants. Participants consisted of 12 children between 9 and 13 years old who reported no history of neurological or otological disease and were of normal intelligence [scores Ͼ85 on the Brief Cognitive Scale (Woodcock and Johnson, 1977) ]. The reason for having children serve as subjects is that we are ultimately interested in describing auditory deficits in children with a variety of clinical disorders (Koch et al., 1999) . A necessary step in describing abnormal auditory function is first describing these processes in normal children, as we have done here. Children were recruited from a database compiled in an ongoing project entitled "Listening, Learning, and the Brain." Children who had previously participated in this project and had indicated interest in participating in additional studies were contacted via telephone. All subjects were tested in one session.
Stimuli. Stimuli consisted of the sentence stimulus "The young boy left home," produced in three modes of speech: conversational, clear, and compressed (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). These three modes of speech have different speech envelope cues and were used as a means to elicit a variety of cortical activation patterns. Conversational speech is defined as speech produced in a natural and informal manner. Clear speech is a well described mode of speech resulting from greater diction (Uchanski, 2005) . Clear speech is naturally produced by speakers in noisy listening environments and enables greater speech intelligibility relative to conversational speech. There are many acoustic features that are thought to contribute to enhanced perception of clear speech relative to conversational speech, including greater intensity of speech, slower speaking rates, and more pauses. Most importantly, with respect to the current work, an established feature of clear speech is greater temporal envelope modulations at low frequencies of the speech envelope, corresponding to the syllable rate of speech (1-4 Hz) (Krause and Braida, 2004) . With respect to the particular stimuli used in the current study, greater amplitude envelope modulations are evident in the clear speech relative to the conversational stimuli. For example, there is no amplitude cue between "The" and "young" (0 -450 ms) (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material) evident in the broadband conversational stimulus envelope; however, an amplitude cue is present in the broadband clear stimulus envelope. This phenomenon also occurs between the segments "boy" and "left" (450 -900 ms) (supplemental Fig. 1 , available at www. jneurosci.org as supplemental material). Compressed speech approximates rapidly produced speech and is characterized by a higherfrequency speech envelope. Compressed speech is more difficult to perceive compared with conversational speech (Beasley et al., 1980) and has been used in a previous study investigating cortical phase-locking to the speech envelope (Ahissar et al., 2001) .
Conversational and clear sentences were recorded in a soundproof booth by an adult male speaker at a sampling rate of 16 kHz. Conversational and clear speech sentences were equated for overall duration to control for slower speaking rates in clear speech (Uchanski, 2005) . This was achieved by compressing the clear sentence by 23% and expanding the conversational sentence by 23%. To generate the compressed sentence stimulus, we doubled the rate of the conversational sample using a signal-processing algorithm in Adobe Audition (Adobe Systems, San Jose, CA). This algorithm does not alter the pitch of the signal. The duration of the clear and conversational speech sentences was 1500 ms, and the duration of the compressed sentence was 750 ms.
Recording and data processing procedures. A personal computer-based stimulus delivery system (Neuroscan GenTask) was used to output the sentence stimuli through a 16-bit converter at a sampling rate of 16 kHz. Speech stimuli were presented unilaterally to the right ear through insert earphones (Etymotic Research ER-2) at 80 dB sound pressure level (SPL). Stimulus presentation was pseudorandomly interleaved. To test ear-of-stimulation effects, three subjects were tested in a subsequent session using unilateral left-ear stimulation. The polarity of each stimulus was reversed for half of the stimulus presentations to avoid stimulus artifacts in the cortical responses. Polarity reversal does not affect perception of speech samples (Sakaguchi et al., 2000) . An interval of 1 s separated the presentation of sentence stimuli. Subjects were tested in a sound-treated booth and were instructed to ignore the sentences. To promote subject stillness during long recording sessions as well as diminish attention to the auditory stimuli, subjects watched a videotape movie of his or her choice and listened to the soundtrack to the movie in the nontest ear with the sound level set Ͻ40 dB SPL. This paradigm for measuring cortical-evoked potentials has been used in previous studies investigating cortical asymmetry for speech sounds (Bellis et al., 2000; Abrams et al., 2006) as well as other forms of cortical speech processing (Kraus et al., 1996; Banai et al., 2005; Wible et al., 2005) . Although it is acknowledged that cortical activity in response to a single stimulus presentation includes contributions from both the experimental speech stimulus and the movie soundtrack, auditory information in the movie soundtrack is highly variable throughout the recording session. Therefore, the averaging of auditory responses across 1000 stimulus presentations, which serves as an essential method for reducing the impact of noise on the desired evoked response, is thought to remove contributions from the movie soundtrack. Cortical responses to speech stimuli were recorded with 31 tin electrodes affixed to an Electrocap International (Eaton, OH) brand cap (impedance, Ͻ5 k⍀). Additional electrodes were placed on the earlobes and superior and outer canthus of the left eye. These act as the reference and eye-blink monitor, respectively. Responses were collected at a sampling rate of 500 Hz for a total of 1000 repetitions each for clear, conversational, and compressed sentences.
Processing of the cortical responses consisted of the following steps. First, excessively noisy segments of the continuous file (typically associated with subject movement) were manually rejected. The continuous file was high-pass filtered at 1 Hz, and removal of eye-blink artifacts was accomplished using the spatial filtering algorithm provided by Neuroscan (Compumedics USA, Charlotte, NC). The continuous file was then low-pass filtered at 40 Hz to isolate cortical contributions, and the auditory-evoked potentials were then downsampled to a sampling rate of 200 Hz. All filtering was accomplished using zero phase-shift filters, and downsampling was accompanied by IIR low-pass filtering to correct for aliasing (Compumedics). The goal of this filtering scheme was to match the frequency range of the speech envelope (Rosen, 1992) . Responses were artifact rejected at a Ϯ75 V criterion. Responses were then subjected to noise reduction developed by our laboratory that has been used in improving the signal-to-noise ratio of brainstem and cortical-evoked potentials. The theoretical basis for the noise reduction is that auditoryevoked potentials are essentially invariant across individual stimulus repetitions, whereas the background noise is subject to variance across stimulus repetitions. Thus, the mean evoked response is significantly diminished by the fraction of repetitions that least resembles it. If these noisy responses are removed, the signal-to-noise ratio of the cortical response improves considerably with virtually no change to morphology of the average waveform. The algorithm calculated the average response from all 1000 sweeps for each stimulus condition at each electrode then performed Pearson's correlations between each of the 1000 individual stimulus repetitions and the average response. The 30% of repetitions with the lowest Pearson's correlations from each stimulus condition were removed from subsequent analyses, and the remaining repetitions were averaged and rereferenced to a common reference computed across all electrodes. Therefore, following the noise reduction protocol, cortical responses from each subject represent the average of ϳ700 repetitions of each stimulus. Data processing resulted in an averaged response for 31 electrode sites and three stimulus conditions measured in all 12 subjects.
Data analysis. All data analyses were performed using software written in Matlab (The Mathworks, Natick, MA). Broadband amplitude envelopes were determined by performing a Hilbert transform on the broad-band stimulus waveforms (Drullman et al., 1994) . The unfiltered amplitude envelope was low-pass filtered at 40 Hz to isolate the speech envelope (Rosen, 1992) and match the frequency characteristics of the cortical responses; the envelopes were then resampled to 200 Hz. Data are presented for three temporal electrode pairs [(1) T3-T4; (2) T5-T6; and (3) Tp7-Tp8] according to the modified International 10-20 recording system (Jasper, 1958) . The modification is the addition of the Tp7-Tp8 electrode pair in which Tp7 is located midway between T3 and T5 and Tp8 is located midway between T4 and T6.
Two types of analyses were performed on the data: cross-correlation and root mean square (RMS) analysis. First, crosscorrelations between the broadband speech envelope and cortical responses at each temporal electrode for the "envelope-following period" (250 -1500 ms for conversational and clear stimuli, 250 -750 ms for the compressed stimulus) were performed using the "xcov" function in Matlab. The peak in the crosscorrelation function was found at each electrode between 50 and 150 ms lags, and the r value and lag at each peak were recorded. The r values were Fisher transformed before statistical analysis. RMS amplitudes at each electrode were calculated for two different time ranges: the "onset" period was defined by the time range 0 -250 ms for all stimuli; the envelope-following period was defined as 250 -1500 ms for conversational and clear stimuli and 250 -750 ms for the compressed stimulus.
Statistical analysis. The statistical design used a series of three completely "within-subjects," repeated-measures ANOVAs (RMANOVAs) to assess hemispheric effects for cross-correlation and RMS measures. A primary goal of this work was to describe patterns of cortical asymmetry across speech conditions, and because 2 ϫ 3 ϫ 3 (hemisphere ϫ electrode pair ϫ stimulus condition) RMANOVAs indicated no interactions involving stimulus condition, the subsequent analysis collapsed across stimulus condition and was performed as 2 ϫ 3 (hemisphere ϫ electrode pair) RMANOVAs. This enabled a matched statistical comparison of each electrode pair (i.e., T3 vs T4, T5 vs T6, Tp7 vs Tp8) for each subject across stimulus conditions. A 2 ϫ 3 ϫ 2 (hemisphere ϫ electrode pair ϫ stimulation ear) RMANOVA was used to assess whether asymmetry effects seen in the cross-correlation and RMS analyses affected stimulation ear. Paired, Bonferroni-corrected t tests (two-tailed) comparing matched electrode pairs (i.e., T3 vs T4, T5 vs T6, Tp7 vs Tp8) were used for all post hoc analyses. RMANOVA p values Ͻ0.05 and paired t test p values Ͻ0.01 were considered statistically significant.
Results
Inspection of raw cortical responses measured at the six temporal lobe electrodes to the speech sentence stimuli revealed two discrete components in all temporal lobe electrodes: (1) a large negative onset peak and (2) a series of positive peaks that appeared to closely follow the temporal envelope of the stimulus. We called the former component the onset and the latter component the envelope-following portion of the response (see Fig. 1 components have been demonstrated in previous studies of human auditory cortex; this latter study called this phenomenon speech envelope "phase-locking," and the same nomenclature will be used here.
Grand average cortical responses from three matched electrode pairs (Fig. 1 , left column) and individual subject crosscorrelograms (Fig. 1, right column) indicated a number of relevant features. First, a moderate linear relationship was indicated between the broadband temporal envelope of the stimulus and raw cortical responses for all temporal lobe electrodes measured across all subjects (mean peak correlation, 0.37; SD, 0.09). Second, this peak correlation occurred in the latency range of well established, obligatory cortical potentials measured from children of this age range (Tonnquist-Uhlen et al., 2003) (mean lag, 89.1 ms; SD, 7.42 ms). Cortical potentials in this time range, measured from temporal lobe electrodes, are associated with activity originating in secondary auditory cortex (Scherg and Von Cramon, 1986; Ponton et al., 2002) . Third, and most importantly, there appeared to be qualitative differences between cortical responses from right-hemisphere electrodes compared with matched electrodes of the left hemisphere. Specifically, righthemisphere cortical responses appeared to conform to the contours of the stimulus envelope in greater detail than lefthemisphere responses. This was further evidenced in the correlograms, which had more consistent and sharper peaks, as well as larger overall correlations, in right-hemisphere electrodes. These particular characteristics would suggest better righthemisphere phase-locking to the speech envelope.
Speech envelope phase-locking analysis
To quantify temporal envelope phase-locking, we identified the maximum in correlograms (Fig. 1, right column) for lags between 50 and 150 ms for all stimulus conditions. This time range was selected because previous studies have shown that cortical synchronization to the temporal structure of brief speech sounds occurs in this range (Sharma and Dorman, 2000) , and most correlograms in the current data set indicated a positive peak in this time range. An initial 2 ϫ 3 ϫ 3 RMANOVA (hemisphere ϫ electrode pair ϫ stimulus condition) indicated differences in phase-locking across stimulus conditions (main effect of stimulus condition: F (2,22) ϭ 19.327; p Ͻ 0.0001), which was expected given significant acoustical differences between the stimuli (see Materials and Methods); however, the pattern of asymmetry for cortical phase-locking was similar for the three stimulus conditions (hemisphere ϫ stimulus condition interaction: F (2,22) Ͻ 1; p Ͼ 0.7). Based on this result, and our interest in describing patterns of cortical asymmetry across speech conditions, we collapsed all additional statistical analyses on correlation r values across the three stimulus conditions. A 2 ϫ 3 RMANOVA (hemisphere ϫ electrode pair) statistical analysis on peak correlation values revealed a significant main effect of hemisphere (F (1,35) ϭ 21.125; p Ͻ 0.0001). All three of these electrode pairs showed this hemispheric effect (left vs right electrode; paired t tests: t (35) Ͼ 3.70; p Յ 0.001 for all three pairs) (Fig. 2) , and there was no statistical difference in the degree of asymmetry between electrode pairs (RMANOVA hemisphere ϫ electrode interaction: F (2,22) ϭ 1.206; p Ͼ 0.3). To ensure that these results were not biased by our definition of the time frame of the envelopefollowing component of the response, we performed identical analyses on the entire response, including the onset component, and the results were the same [0 -1500 ms for conversational and clear stimuli, 0 -750 ms for compressed stimulus; 2 ϫ 3 RMANOVA (hemisphere ϫ electrode pair); main effect of hemisphere: F (1,35) ϭ 10.658, p ϭ 0.002]. These data indicate that all three temporal electrode pairs showed a significant and similar pattern of right-hemisphere asymmetry for speech envelope phase-locking.
Response magnitude analysis: onset and envelope-following period
In addition to asymmetry for phase-locking, inspection of the raw cortical data also revealed an interesting pattern of response amplitudes in the onset and envelope-following response components. At stimulus onset, response amplitudes appear to be consistently greater in left-hemisphere electrodes, particularly in T5-T6 and Tp7-Tp8 electrode pairs. Given that subjects received stimulation in their right ear, this finding was anticipated based on the relative strength of contralateral connections in the ascending auditory system (Kaas and Hackett, 2000) . Surprisingly, during the envelope-following period of the response, righthemisphere responses appeared to be larger than the left for all electrode pairs.
We quantified this phenomenon by calculating RMS amplitude over the onset and envelope-following periods for all stimulus conditions (Fig. 3) . First, we performed a 2 ϫ 3 ϫ 3 RMANOVA (hemisphere ϫ electrode pair ϫ stimulus condition) on onset RMS values, which revealed that stimulus condition did not affect asymmetry for RMS onset (hemisphere ϫ stimulus condition interaction: F (2,22) ϭ 1.398; p Ͼ 0.25); this result enabled us to collapse all additional statistical analyses on onset RMS across the three stimulus conditions. Results from the 2 ϫ 3 RMANOVA (hemisphere ϫ electrode pair) indicated that left-hemisphere responses were significantly larger than the right over the onset period (main effect of hemisphere: F (1,35) ϭ 4.686; p ϭ 0.037), and there were differences in this pattern of onset asymmetry across the three electrode pairs (hemisphere ϫ electrode pair interaction: F (2,70) ϭ 14.805; p Ͻ 0.001). Post hoc t tests indicated that the main effect of hemisphere for onset RMS was driven by the posterior electrode pairs, whereas the anterior pair, T3-T4, did not contribute to this effect (paired t tests: T3 and T4, t (35) ϭ 0.924, p Ͼ 0.35; T5 and T6, t (35) ϭ 2.892, p ϭ 0.007; Tp7 and Tp8, t (35) ϭ 3.348, p ϭ 0.002).
For the envelope-following period, a 2 ϫ 3 ϫ 3 RMANOVA (hemisphere ϫ electrode pair ϫ stimulus condition) was per- formed on envelope-following RMS values. Results again revealed that stimulus condition did not affect asymmetry (hemisphere ϫ stimulus condition interaction: F (2,22) ϭ 2.244; p Ͼ 0.10), enabling us to collapse all additional statistical analyses on envelope-following RMS across the three stimulus conditions. Results from the 2 ϫ 3 RMANOVA (hemisphere ϫ electrode pair) for the envelope-following RMS indicated that righthemisphere responses were significantly larger than the left at all three electrode pairs [2 ϫ 3 RMANOVA (hemisphere ϫ electrode pair); main effect of hemisphere: F (1,35) ϭ 32.768, p Ͻ 0.00001; paired t tests: T3 and T4, t (35) ϭ 5.565, p Ͻ 0.00001; T5 and T6, t (35) ϭ 3.385, p ϭ 0.002; Tp7 and Tp8, t (35) ϭ 4.767, p Ͻ 0.0001]. These data indicate that the right hemisphere has significantly larger response amplitudes during the envelope-following period despite being ipsilateral to the side of acoustic stimulation.
Individual subject analysis
To quantify phase-locking and RMS amplitude asymmetries within individual subjects, we entered r values from the crosscorrelation analysis and RMS amplitudes from the envelopefollowing period, respectively, into the asymmetry index (R Ϫ L)/(R ϩ L) using matched electrode pairs (T3 and T4, T5 and T6, and Tp7 and Tp8). Using this index, values approaching 1 indicate a strong rightward asymmetry, values approaching Ϫ1 indicate a strong leftward asymmetry, and a value of 0 indicates symmetry. Results from this analysis indicate that greater righthemisphere phase-locking, defined as asymmetry values Ͼ0, occurred in 78% of the samples (binomial test: z ϭ 5.96, p Ͻ 0.0001) and right-hemisphere r values were more than twice as great as those seen for the left hemisphere (mean asymmetry index, 0.35). For RMS amplitude, 82% of the samples indicated greater envelope-following amplitude in the right hemisphere (binomial test: z ϭ 6.74, p Ͻ 0.0001), and right-hemisphere amplitudes were ϳ33% greater than those seen in the left hemisphere (mean asymmetry index, 0.14) during the envelopefollowing period.
Ear-of-stimulation analysis
To ensure that the right-hemisphere asymmetries for envelope phase-locking and RMS amplitude were not driven by the use of right-ear stimulation, we measured cortical responses to the speech sentences in three of the subjects using left-ear stimulation, which again enabled a completely within-subjects statistical analysis. Results indicate that when subjects were stimulated in their left ear, envelope phase-locking was again greater in the right hemisphere [2 ϫ 3 RMANOVA (hemisphere ϫ electrode pair); main effect of hemisphere:
Moreover, when compared directly to responses elicited by rightear stimulation, envelope phase-locking asymmetries were statistically similar regardless of the ear of stimulation (Fig. 4) [2 ϫ 3 ϫ 2 RMANOVA (hemisphere ϫ electrode pair ϫ stimulation ear); interaction (hemisphere ϫ stimulation ear):
For the RMS analysis, left-ear stimulation resulted in larger onset responses in the right hemisphere, again consistent with contralateral dominance for onsets (Fig. 5, inset) [2 ϫ 3 RMANOVA (hemisphere ϫ electrode pair); main effect of hemisphere: F (1,8) ϭ 6.40, p ϭ 0.035]. In addition, the asymmetry pattern for onset RMS with left-ear stimulation was statistically different from the pattern seen for right-ear stimulation [2 ϫ 3 ϫ 2 RMANOVA (hemisphere ϫ electrode pair ϫ stimulation ear); interaction of (hemisphere ϫ stimulation ear): F (1,8) ϭ 24.390, p ϭ 0.001]. Importantly, the RMS of the envelope-following period remained greater in the right hemisphere with left-ear stimulation (Fig. 5) [2 ϫ 3 RMANOVA (hemisphere ϫ electrode pair); main effect of hemisphere: F (1,8) ϭ 36.028, p Ͻ 0.001] and was statistically similar to the pattern of asymmetry resulting from right-ear stimulation [2 ϫ 3 ϫ 2 RMANOVA (hemisphere ϫ electrode pair ϫ stimulation ear); interaction (hemisphere ϫ stimulation ear):
Together, these data indicate that changing the ear of stimulation from right to left does not affect right-hemisphere asymmetry for envelope phase-locking or envelope RMS amplitude. In contrast, onset RMS amplitudes are always larger in the hemisphere contralateral to the ear of stimulation.
Discussion
Biologically significant acoustic signals contain information on a number of different time scales. The current study investigates a proposed mechanism for how the human auditory system concurrently resolves these disparate temporal components. Results indicate right-hemisphere dominance for coding the slow temporal information in speech known as the speech envelope. This form of asymmetry is thought to reflect acoustic processing of the speech signal and was evident despite well known leftward asymmetries for processing linguistic elements of speech. Furthermore, rightward asymmetry for the speech envelope was unaffected by the ear of stimulation despite the dominance of contralateral connections in ascending auditory pathways. 
Models of speech perception and the AST hypothesis
The neurobiological foundation of language has been a subject of great interest for well over a century (Wernicke, 1874) . Recent studies using functional imaging techniques have enabled a detailed description of the functional neuroanatomy of spoken language. The accumulated results have yielded hierarchical models of speech perception consisting of a number of discrete processing stages, including acoustic, phonological, and semantic processing of speech (Hickok and Poeppel, 2007; Obleser et al., 2007) .
It is generally accepted that each of these processing stages is dominated by left-hemisphere auditory and language areas. The acoustic basis of speech perception is typically investigated by measuring cortical activity in response to speech-like acoustic stimuli that have no linguistic value but contain acoustic features that are necessary for normal speech discrimination. Acoustic features lateralized to left-hemisphere auditory areas include rapid frequency transitions (Belin et al., 1998; Joanisse and Gati, 2003; Meyer et al., 2005) and voice-onset time (Liégeois-Chauvel et al., 1999; Zaehle et al., 2004) , both of which are necessary for discriminating many phonetic categories. The cortical basis for phonological processing of speech has been investigated by measuring neural activation in response to speech phoneme (Obleser et al., 2007) , syllable (Liebenthal et al., 2005; Abrams et al., 2006) , word (Binder et al., 2000) , and sentence (Scott et al., 2000; Narain et al., 2003) stimuli while carefully controlling for the spectrotemporal acoustic characteristics of the speech signal. Results from these studies have consistently demonstrated that a region of the left-hemisphere STS underlies phonological processing of speech. Studies of cortical processing of semantic aspects of speech have measured brain activation while the subject performed a task in which semantic retrieval demands were varied. Results from these studies have shown that activation of inferior temporal (Rodd et al., 2005) and frontal (Wagner et al., 2001) gyri, again biased to the left hemisphere, underlie semantic processing. It should be noted that right-hemisphere areas are also activated in studies of acoustical, phonological, and semantic speech processing; however, left-hemisphere cortical structures have typically shown dominant activation patterns across studies.
Results from the current study are among the first to show that the right hemisphere of cerebral cortex is dominant during speech processing. These data contradict the conventional thinking that language processing consists of neural operations primarily confined to the left hemisphere of the cerebral cortex. Moreover, results from the current study show right-dominant asymmetry for the speech envelope despite these other well established forms of leftward asymmetry.
Results add to the literature describing hierarchical models of speech processing by providing important details about the initial stage of cortical speech processing: prelinguistic, acoustic processing of speech input. Results support the notion that the anatomical basis of speech perception is initially governed by the component rates present in the speech signal. This statement raises a number of interesting question regarding hierarchical models of speech perception. What is the next stage of processing for syllable pattern information in right-hemisphere auditory areas? Does slow temporal information in speech follow a parallel processing route relative to phonological processing? It is hoped that these questions will receive additional consideration and investigation.
Right-hemisphere dominance for slow temporal features in speech supports the AST hypothesis, which states that slow temporal features in acoustic signals lateralize to right-hemisphere auditory areas, whereas rapid temporal features lateralize to the left (Poeppel, 2003) . Results extend the AST hypothesis by providing a new layer of detail regarding the nature of this asymmetric processing. Beyond showing asymmetry for the magnitude of neural activation (RMS amplitude results) (Fig. 3) , which might have been predicted from previous studies, our results show that right-hemisphere auditory neurons follow the contours of the speech envelope with greater precision compared with the left hemisphere (Fig. 2) . This is an important consideration, because this characteristic of right-hemisphere neurons had not been proposed in previous work and could represent an important cortical mechanism for speech envelope coding.
An influential hypothesis that predates AST states that there is a relative trade-off in auditory cortex for representing spectral and temporal information in complex acoustic signals such as speech and music (Zatorre et al., 2002) . It is proposed that temporal resolution is superior in left-hemisphere auditory cortex at the expense of fine-grained spectral processing, whereas the superior spectral resolution of the right hemisphere is accompanied by reduced temporal resolution. The current results suggest that there is, in fact, excellent temporal resolution in the right hemisphere, but it is limited to a narrow range of low frequencies. However, it is not known to what extent the asymmetries demonstrated here might reflect the preference of the right hemisphere for spectral processing.
Previous studies investigating envelope representations
Previous studies of the human auditory system have described cortical encoding of slow temporal information in speech. In one study, it was shown that cortical phase-locking and frequency matching to the speech envelope predicted speech comprehension using a set of compressed sentence stimuli (Ahissar et al., 2001 ). There are a few important differences between the current work and that of Ahissar et al. (2001) . First, hemispheric specialization was not reported in their work. Second, the analyses (i.e., phase-locking, frequency matching) were conducted on the average of multiple speech sentences with similar envelope patterns, which was necessary given the parameters of the simultaneous speech comprehension task. In contrast, cortical responses in the current study represent activity measured to isolated sentence stimuli and enable a more detailed view of cortical following to individual sentences ( Fig. 1 and supplemental Figs. 2, 3 , available at www.jneurosci.org as supplemental material).
The current results also show similarities to findings from a recent study that investigated rate processing in human auditory cortex in response to speech (Luo and Poeppel, 2007) . In this study, it was shown that different speech sentence stimuli elicited cortical activity with different phase patterns in the theta band (4 -8 Hz) and theta-band dissimilarity was lateralized to the right hemisphere. A limitation of this work is that cortical responses were not compared with the stimulus; the analysis only compared cortical responses elicited by the various speech stimuli. Therefore, it was not transparent that the theta-band activity was driven by phase-locking to the speech envelope. Although many of the conclusions are the same as those described here, to our knowledge, our experiment is the first to explicitly show righthemisphere dominance for phase-locking to the speech envelope.
Single-unit studies of auditory cortex in animal models suggest potential mechanisms underlying right-hemisphere dominance for coding the speech envelope. Across a variety of animal models, a sizable population of auditory cortical neurons is synchronized to the temporal envelope of species-specific calls (Wang et al., 1995; Nagarajan et al., 2002; Gourevitch and Egger-mont, 2007) , which show many structural similarities to human speech; one such study called these neurons "envelope peaktracking units" (Gehr et al., 2000) . One possible explanation for right-dominant asymmetry for envelope phase-locking is that a disproportionate number of envelope peak-tracking units exist in the right-hemisphere auditory cortex of humans. Additional studies with near-field recordings in humans may be able to address this question.
A potential limitation of this work is that children served as subjects, and it is not known whether right-hemisphere speech envelope effects also occur in adults. Whereas the current data cannot discount this possibility, we believe this is unlikely based on the fact that adults show cortical phase-locking to the speech envelope (Ahissar et al., 2001) and have previously demonstrated a right-hemisphere preference for slow, nonspeech acoustic stimuli (Boemio et al., 2005) . An interesting possibility is that children have pronounced syllable-level processing relative to adults, reflecting a stage in language acquisition. Future studies may be able be better delineate the generality of this hemispheric asymmetry as well as possible interactions with language development in normal and clinical populations.
Across languages, the syllable is considered a fundamental unit of spoken language (Gleason, 1961) , although there is debate as to its phonetic definition (Ladefoged, 2001 ). The speech envelope provides essential acoustic information regarding syllable patterns in speech (Rosen, 1992) , and psychophysical studies of the speech envelope have demonstrated that it is an essential acoustic feature for speech intelligibility (Drullman et al., 1994) . Results described here provide evidence that a cortical mechanism for processing syllable patterns in ongoing speech is the routing of speech envelope cues to right-hemisphere auditory cortex. Given the universality of the syllable as an essential linguistic unit and the biological significance of the speech signal, it is plausible that discrete neural mechanisms, such as those described here, may have evolved to code this temporal feature in the human central auditory system.
